ABSTRACT: Salmon louse Lepeophtheirus salmonis Krøyer infection levels in both wild sea trout Salmo trutta L. and sentinel Atlantic salmon Salmo salar L. smolts were investigated inside and outside a temporary protected zone with limits on fish farming in the intensively farmed Romsdalsfjord system. Wild sea trout outside the protected zone had higher prevalence and significantly higher abundances than those inside the zone. Furthermore, sentinel caged Atlantic salmon smolts confirmed significant differences in infection pressure: Eresfjord (non-farmed inner part of the protected zone) had the lowest infection risk, a moderate risk was found in Langfjord (intermediately farmed middle part of the protected zone), while Karlsøyfjord (intensively farmed area outside the protected zone) had the highest infection risk. No clear bias between the near-shore and pelagic areas of the fjord were found, although significant differences between pelagic and near-shore cages were occasionally observed. Results show that small sentinel cages can be used as an alternative method to monitor the infection pressure in a fjord system. Overall, our results indicate that wild salmonids may benefit from the protection zone. However, the infection level on wild sea trout inside the temporary protected zone was higher compared to completely farm-free fjords in Norway, and infection levels likely to have a negative physiological impact on wild sea trout were found. This may indicate that the zone is too small to have the necessary protective effect against salmon lice. 
INTRODUCTION
Many sea trout Salmo trutta L. stocks in Norway, Ireland and Scotland have experienced annual sal mon louse Lepeophtheirus salmonis Krøyer epidemics during the latest decade (e.g. Bjørn et al. 2001 , Butler & Watt 2003 , Gargan et al. 2003 . This is probably a consequence of increased salmon farming activity in fjords and coastal areas (Tully & Nolan 2002 , Boxaspen et al. 2007 . Within a salmon farm, or within a salmon farming area, the concentration of potential hosts is much larger than in areas without farms (Heuch & Mo 2001) . The increased salmon louse production in farmed fish has been suggested to contribute to high infection levels in wild fish (Bjørn et al. 2001 , Butler & Watt 2003 , Gargan et al. 2003 , Krkošek et al. 2005 , Boxaspen et al. 2007 ). Due to the year-round presence of farmed salmon in coastal waters and fjords, high louse production can also occur during late winter and spring time, when wild hosts are scarce (Heuch & Mo 2001 , Stien et al. 2005 . Heavy louse infections can cause particularly severe physiological disturbances in naïve migrating salmonid smolts (Grimnes & Jakobsen 1996 , Bjørn & Finstad 1997 , Finstad et al. 2000 , Wagner et al. 2003 , 2004 , Wells et al. 2006 . Annual salmon louse epidemics have therefore been blamed for the collapse of some wild salmonid stocks in fjords and coastal areas with heavy fish farming activity (e.g. Bjørn et al. 2001 , Butler & Watt 2003 , Gargan et al. 2003 , Krkošek et al. 2005 .
The Norwegian authorities have taken several measures in response, to reduce the infection pressure in fjords with intensive salmon farming activity (DN 1993 , Fiskeridirektoratet 1996 , NOU 1999 , DKMD 2006 , DKF and Kystdepartementet 2009 . Key among these measures was the establishment of temporary protected zones (DN 1993 , Fiskeridirektoratet 1996 in certain areas close to important Norwegian salmon rivers, and the more recent establishment of numerous 'Norwegian Salmon Fjords', very similar in nature to the temporary protected zones, but with a more permanent character. The aim of both initiatives is to protect wild Atlantic salmon Salmo salar L., sea trout Salmo trutta L. and Arctic charr Salvelinus alpinus L. from different types of harmful interaction with cultured salmonids (NOU 1999 , DKMD 2002 . Their main purpose, besides reducing the numbers of escaped farmed salmon in these fjords, is to prevent the spread of salmon lice from farmed to wild sal monids (DN 1993 , Fiskeridirektoratet 1996 , NOU 1999 , DKMD 2002 . Within a temporary protected zone or a Norwegian Salmon Fjord, no new fish farms are allowed to be established. In addition, the fish farms already established have to comply with a strict operational regime, including com pulsory delousing if the salmon louse infection level in farmed fish reaches a certain threshold level (NOU 1999 , DKMD 2006 . Therefore, wild salmonids inside a protected zone are expected to have lower louse infection levels than fish outside a protected zone, even within the same fjord system.
The present study was initiated to investigate possible differences in salmon lice infection pressure inside and outside a temporary protected zone in a large Norwegian fjord system. This was done by gill-netting sea trout inside (Eresfjord) and outside (Karlsøyfjord) a temporary salmon farming protected zone in the intensively farmed Romsdalsfjord system, mid-Norway. In addition, hatchery-reared Atlantic salmon smolts in sentinel cages were used to study possible differences in infection pressure in different sections of the fjord system (Eresfjord, Langfjord and Karlsøyfjord), as well as between near-shore areas (where sea trout feed) and pelagic areas (where Atlantic salmon post-smolts migrate to) (e.g. Thorstad et al. 2004 , Finstad et al. 2005 .
MATERIALS AND METHODS
Study area. Eresfjord, Langfjord and Karlsøyfjord are 3 connected fjord areas in the Romsdalsfjord system (62°40' N, 8°10' E) in Møre and Romsdal counties, mid-Norway (Fig. 1) . The Romsdalsfjord system has intensive salmon farming activity. Most of the fish farms are localized in the outer part of the Romsdalsfjord system, a few farms are localized in the middle part (Langfjord), and none are in the innermost part (Eresfjord) (Fig. 1 , statistics based on the Norwegian Fishery Directorate). The inner half (Langfjord and Eresfjord) of the system has been incorporated into a temporary protected zone (DN 1993 , Fiskeridirektoratet 1996 , DKMD 2002 . Many rivers with anadromous populations of wild sea trout Salmo trutta and Atlantic salmon Salmo salar enter both outer and Fig. 1 . Romsdalsfjord system, Norway (62°40' N, 8°10' E). Hatched area: temporary salmon farming protection zone; dark grey: new National Salmon Fjord of Isfjord, which replaced the temporary protected zone of Romsdalsfjord, Langfjord and Eresfjord in 2006 (DKMD 2006) inner parts of the Romsdalsfjord system (Jensen et al. 2008) . Most of the sea trout at sea in Norway feed close to their native rivers, while Atlantic salmon smolts rapidly migrate throughout the whole fjord system (Berg & Berg 1987 , Thorstad et al. 2004 , Finstad et al. 2005 . Thus, the different sal monid populations in this fjord system are probably exposed to different salmon louse Lepeophtheirus sal monis infection pressure in different sections of the fjord system. Sea trout were used as a model species, and a comprehensive 2 yr gill-net sampling programme was initiated both inside (Eresfjord) and outside (Karlsøyfjord) the fish farming temporary protected zone to study spatiotemporal differences in salmon louse infection pressure and the effect of area protection (see Fig. 1 for protected areas). However, different salmon louse abundances on wild sea trout at different localities can also be explained through horizontal dispersal of infective louse stages (Heuch et al. 2005, Asplin et al. in press) , by different louse levels in farms operating in different sections of the fjord, or by sea trout undertaking long-distance sea migrations (Berg & Jonsson 1990 ) and having spent parts of their seawater journey in higher risk areas. In addition to sampling wild sea trout, sentinel cages with hatchery-reared salmon were therefore deployed both near-shore and pelagically ( Fig. 1 ) in the different fjord sections (Eresfjord, Langfjord and Karlsøy fjord). Furthermore, data on water parameters and in fection level, as well as on the standing stock of farmed sal mon, were also gathered from these fjord sections (Fig. 1) . Gill-net sampling and analyses. Wild sea trout were regularly sampled, both inside (Eresfjord) and outside (Karlsøyfjord) the protected area, by floating gill-nets from May to August in 2003 and 2004, according to methods described by Bjørn et al. (2001) . Most salmonid smolts descend the rivers during May in this fjord system (Jensen et al. 2008) , and the sampling regime therefore covered most of the seawater phase. Sampled fish were gently cut out of the nets and placed in individual plastic bags and frozen for later examination. In the laboratory, captured fish were thawed, measured to the nearest millimetre (fork length, L F ), weighed to nearest 0.1 g and examined under an illuminated magnifying glass (10 ×). Salmon louse stages were identified according to Johnson & Albright (1991) and Schram (1993) . Temperature and salinity were measured on each sampling occasion in both fishing areas from the surface layer (0.5 m) down every 0.5 m to a depth of 5 m using a CTD meter.
Sentinel cage deployment and analysis. A total of 12 sentinel cages with hatchery-reared Atlantic salmon were used in our study in 2004. This method has been used previously to study spatio-temporal salmon lice infection pressure (Costelloe et al. 1995) . However, the design and size of the cages are new and have been strongly modified to make the method more operational. Two cages were located < 20 m from each other in both near-shore and pelagic areas of Eresfjord, Lang fjord and Karlsøyfjord (Fig. 1) ; data were later pooled due to insignificant differences in louse abundance (Mann-Whitney U-test; p > 0.05). Near-shore cages were situated < 50 m from the shoreline. Pelagic cages were deployed approximately in the middle of the fjord, with an average distance of 1 km from the near-shore cages. The cage rig (Fig. 2) consisted of a 25 kg anchor in near-shore areas and a 100 kg iron plate in pelagic areas. A steel chain was attached to the anchor, and a nylon rope connected the end of the chain to a 75 inch (~190 cm) floating buoy at the water surface. The cage was circular, 0.8 m wide and 0.9 m high, and it was covered with a knotless mesh (1 × 1 cm) that had an opening on the top. The cage was connected directly to the anchor rope, 1 m under the buoy, through the upper and lower polyethylene rings (Fig. 2) . The depth for cages (1 to 2 m below the surface) was based on observations about the depth which salmon lice (Heuch 1995 and wild salmonid post-smolts (Thorstad et al. 2004 , Rikardsen et al. 2007 , Davidsen et al. 2008 (Sigholt & Finstad 1990) . The fish were not fed during the 24 h preceding each trial, to reduce handling and transport stress (Wedemeyer 1997 , Portz et al. 2006 . The smolts were transported to cages in oxygenated saltwater-filled (salinity 34 ppt) plastic bags (500 × 900 mm). The bags were ice cooled with ice blocks around the bags during transportation, and the bags were covered so the fish were transported in darkness to reduce transport stress (Wedemeyer 1997 , Portz et al. 2006 ). The first trial was performed in Weeks 19 to 21 (early May), and the second trial was performed from Week 22 to Week 24 (May/June) in 2004. After 14 d in sentinel cages at sea, all fish were gently removed from the cages, killed by a blow to the head, placed in individual plastic bags and frozen for later lice inspection in the laboratory (Johnson & Albright 1991 , Schram 1993 . The fish were measured (L F ) to the nearest millimetre and weighed to the nearest 0.1 g.
Fish farm sampling and analysis. Information was obtained from almost all salmon farms operating in the fjord system ( Fig. 1 ) on the average number of sexually mature female lice and on the total number of sal mon held in sea cages. This information included all farms inside the protected zone and ~90% of the farms outside the protected zone, and was obtained from the Norwegian Food Safety Authority (www. mattilsynet. no). The infection data are based on louse counts from farmers or veterinarians on a random sample of 20 fish from 2 cages in each farm every second week during the investigated period. Infection for approximately every month in each fish farm is a mean of 2 counting turns. This compulsory lice monitoring level follows the procedures from the Norwegian Food Safety Authority . We used the abundance of sexually mature females and the number of farmed salmon to assess the possible louse infection pressure from fish farms (Heuch & Mo 2001) in dif ferent sections (Eresfjord, Langfjord and Karlsøyfjord) of the Romsdalsfjord system. Data analysis. Bush et al. (1997) have recommended the ecological terms used in the present study: prevalence, abundance and intensity. The degree of aggregation of parasites is measured by the variance (s²) to mean (x) ratio (s² x -¹), which seems most reliable when comparing samples having different prevalence or means (Scott 1987 ). This ratio is <1 if the parasites are evenly distributed, ~1 if the distribution is random and >1 if the parasites are aggregated. If aggregation is detected, mean values (abundance and intensity) might be influenced by the presence of outliers. In this case, a median distribution would preferably be used to show the infection, as this parameter is less affected by the presence of extreme values.
Data collected from gill-netting of wild sea trout comprised 3 to 4 different sampling points (weeks) per year and 2 locations (inside and outside the protection area). The Kruskal-Wallis test was used to test for significant differences in lice infection between weeks inside each location. Differences between locations were investigated week by week using the Mann-Whitney U-test.
Differences in lice infection between sentinel cages deployed in the outer (Karlsøyfjord), middle (Langfjord) and inner (Eresfjord) part of the fjord were analyzed using Kruskal-Wallis tests for near-shore and pelagic cages separately. Post hoc analyses of significant Kruskal-Wallis tests were done using pairwise Mann-Whitney U-tests. Differences between nearshore and pelagic cages deployed in the same area were also analyzed using the Mann-Whitney U-test.
We performed statistical analyses with SPSS 15.0, and a probability level of ≤ 0.05 was considered significant. The significance levels of the post hoc MannWhitney U-tests were set at a lower threshold (p < 0.05/3 = 0.017) to account for multiple comparisons. The GPS (global positioning system) position of every fish farm in the entire fjord system was gathered from the Norwegian Fishery Directorate. We used these GPS positions in OziExplorer 3.90 GPS Mapping Software to find the location of fish farms.
RESULTS

Water parameters
In 2003, mean water temperature in the upper 5 m of the gill-netting area in Eresfjord (protected area) ranged from 8 to 20°C. Temperature was lowest in spring and rose during summer. Mean salinity ranged from 20 to 24 ppt, again lowest in spring and rising during summer. In Karlsøyfjord (unprotected area), mean temperature (10 to 16°C) and mean salinity (26 to 29 ppt) were slightly higher (Table 1) . In 2004, mean salinity in the upper 5 m ranged from 20 to 23 ppt and temperature from 12 to 20°C in Eresfjord. Again, lowest salinity and temperature were found in spring (Table 1) . In Karlsøyfjord, salinity was higher (around 29 ppt on all occasions), and temperature increased from 11°C in spring to 19°C in summer (Table 1) . (Fig. 3a) . There was a re-infestation of larvae (91% of total infection) in June, followed by a higher degree of adult stages in July (52% larvae, 32% preadults and 16% adults of total infection). In May 2004, the infection consisted mostly of larvae (70%) and some preadult and adult lice (Fig. 3b) . A high proportion of larvae (94%) was also found in June. In July, more preadult (32%) and adult stages (7%) were found. In August, the sea trout were mostly infected with adult and preadult stages.
Infection in wild sea trout
Outside the protected area (Table 1) . In June 2003, 100% of the fish were infected, with a mean (± SD) intensity of 52.8 ± 53.1 lice per fish. In 2004, the highest prevalence (89%) and intensity (31.4 ± 44.5) were recorded in July (Week 28), together with a high range and variance to mean ratio. In May 2003, the fish were infected mainly with larvae (46%) and adult (36%) louse stages (Fig. 3c) . The infection peak in June showed that there had been a new infection inside Karlsøyfjord, and 90% of the louse population were larval stages, 7% were preadults and only 3% were adults. The high proportion of larvae (73%) continued in July, together with 17% preadult and 10% adult lice. The fish caught in May 2004 were mostly infected with larvae, but also some preadult and adult stages were found (Fig. 3d) . A high dominance of larval stages was also observed in June and July, while more preadult and adult lice were observed in August.
Comparison infection inside and outside the protected area High variance to mean ratio were recorded during the weeks of highest infection in both Eresfjord and Karlsøyfjord. Median distribution was therefore used to better describe the infection pattern in the sea trout populations inside and outside the protected area in both 2003 (Fig. 4a) and 2004 (Fig. 4b) (Fig. 4b) . In Week 28, abundance in Karlsøyfjord started decreasing, while it was still increasing in Eresfjord, and the difference between locations was no longer significant (p = 0.492). Abundance in Eresfjord was slightly higher than in Karlsøyfjord during Week 32, but no significant difference was detected (p = 0.312).
Infections in hatchery-reared Atlantic salmon post-smolts in sentinel cages
In the first trial, the abundance of sea lice was significantly different between the 3 near-shore areas along the fjord (Kruskal-Wallis test; p = 0.000) (Fig. 5a ). The fish in the near-shore cages in Karlsøyfjord (intensively farmed area outside the protected zone) showed the highest abundance, the fish from Langfjord (lowfarming area inside the protected zone) showed the second highest abundance, and the lowest abundance was re corded in Eresfjord (non-farmed area inside the protected zone) (post hoc Mann-Whitney U-tests; p < 0.017). Mean abundance in the near-shore cages was 1.6, 0.4 and 0.1 lice per fish in Karlsøyfjord, Langfjord and Eresfjord, respectively. A significant difference in abundance was also found in the pelagic areas (Kruskal-Wallis test; p = 0.000): the fish in Karlsøyfjord had a significantly higher abundance than those in Eresfjord and Langfjord (post hoc Mann-Whitney Utests; p < 0.017). Mean abundance in pelagic areas was 2.2 lice per fish in Karlsøyfjord, while abundance in Langfjord and Eresfjord were 0.13 and 0.15, respectively. Significant differences (Mann-Whitney U-test; p = 0.028) between near-shore and pelagic cages were found in Langfjord, but not in Eresfjord (p = 0.338) and Karlsøyfjord (p = 0.466).
Also, in the second trial (Fig. 5b) , a significant difference in abundance was found in the 3 near-shore areas (Kruskal-Wallis test; p = 0.000). The abundance in fish in near-shore cages was highest in Karlsøyfjord (post hoc Mann-Whitney U-tests; p < 0.017), while there was no difference in abundance between fish in near-shore cages in Eresfjord and Langfjord (p = 0.020). Mean abundance was 2.3 lice per fish in near-shore cages in Karlsøyfjord, 0.2 lice per fish in near-shore cages in Langfjord and 0.0 lice per fish in near-shore cages in Eresfjord. There were also significant differences in abundance between the different pelagic areas (Kruskal-Wallis test; p = 0.000): the lowest abundance was recorded in fish in pelagic cages in Eresfjord (post hoc Mann-Whitney U-tests; p < 0.017), while no difference was detected between Langfjord and Karlsøy fjord (p = 0.20). A significant difference between pelagic and near-shore cages was found in Langfjord (MannWhitney U-test; p = 0.032) and Karlsøyfjord (p = 0.001), but not in Eresfjord (p = 0.357).
Infection in fish farms inside and outside the protected zone
The total number of farmed salmonids in the Romsdalsfjord system (in 90% of all fish farms) was higher outside than inside the protected area within each month both in 2003 and in 2004 (Fig. 6a,b) . In 2003, the (Fig. 6a,b) .
DISCUSSION
The present study shows that the risk of salmon louse Lepeophtheirus salmonis infection differs be tween the farm-free Eresfjord, the intermediately farmed Langfjord and the intensively farmed Karlsøyfjord, all components of the Romsdalsfjord system. The observed difference is probably due to the different farming levels in the different zones of the fjord system, although other factors may also have contributed. Especially the lower salinity of Eresfjord might have acted as a natural protection against infective salmon lice stages (Heuch 1995) and, to some extent, contributed to reduces infection pressure in this area. The lower, but persistent, infection level in the protected zone of Langfjord and Eresfjord, compared to the unprotected zone in Karlsøyfjord, implies that there is a lower infection pressure in the protected area, but it also indicates that the protected zone is possibly too small and/or the permitted level of fish farm production too high to have the necessary effect . Annual salmon louse epidemics have, by Norwegian authorities, been regarded as a major threat to long-term survival of wild salmonid populations in areas with intensive fish farming activity (DN 1993 , Fiskeridirektoratet 1996 , NOU 1999 , DKMD 2006 , DKF and Kystdepartementet 2009 . As a precautionary approach, it was therefore decided to establish temporary protected zones (DN 1993 , Fiskeri direktoratet 1996 and later Norwegian Salmon Fjords in a number of fjords with important salmon rivers (NOU 1999 , DKMD 2002 . In these fjords, no new salmon farms were allowed to be established, and those already established were given stricter operational regulations.
Infection in wild sea trout
The present study provides evidence of significantly lower infections of salmon lice in wild sea trout Salmo trutta inside compared to outside a temporary protected zone in the Romsdalsfjord system. Sea trout in Eresfjord had low to moderate infections during 2003 and 2004 , and the infection level changed seasonally. The lowest prevalence and intensity were observed in spring each year, while the infection level peaked during summer, at magnitudes expected to negatively influence the most infected fish (e.g. Bjørn & Finstad 1997 , Wells et al. 2006 , and levelled off in early autumn. In contrast to the infection level in Eresfjord, even lower intensities have generally been found in completely farm-free fjords in both northern (Bjørn & Finstad 2002 , Rikardsen 2004 and southern parts of Norway , Schram et al. 1998 . The results of the present study, therefore, indicate that establishment of small protected zones, with only limited fish farming activity, like this one in the Romsdalsfjord system, may be somewhat beneficial for sea trout inside the protected area. The protection against salmon louse infection is, however, limited compared to that a completely farm-free fjord, which implies that the zone is too small and/or that the farmed fish production allowed re mains too high to have the necessary effect .
In contrast to sea trout inside the protected zone, most of the sea trout captured outside the protected zone (Karlsøyfjord) had moderate to relatively high salmon louse infections in both years. Infections were generally low in May, increased relatively in June and July, but were reduced in late July and early August. The infection levels in the present study were, however, lower than those in previous studies focussed on other fjords with intensive fish farming in both western and northern Norway (Birkeland 1996 , Bjørn et al. 2001 ). This may be a positive consequence of the recent measures (the national action plan against lice on wild and farmed salmonids, NA) taken by the industry and authorities to reduce the infection pressure on wild salmonids (Heuch et al. 2005, DKF and Kystdepartementet 2009, Asplin et al. in press ), but might also be due to locality specific conditions (e.g. environmental conditions like salinity, temperature and current), a lower level of farming activity in the area, or new drugs (Ritchie & Boxaspen in press) . Louse infection levels previously reported in, e.g., Birkeland (1996) and Bjørn et al. (2001) will probably kill immature fish in sea water if the fish do not terminate the seawater phase and return prematurely to freshwater to delouse and restore physiological homeostasis (Grimnes & Jakobsen 1996 , Bjørn et al. 2001 , Wagner et al. 2004 , Wells et al. 2007 ).
In the present study, premature return to freshwater was not investigated. However, infection levels expected to have significant negative physiological consequences for sea trout at sea (Bjørn & Finstad 1997 , Bjørn et al. 2001 , Wagner et al. 2003 , 2004 , Wells et al. 2006 were frequently found, especially among the smallest fish, in Karlsøyfjord. This indicates that the total biomass of farmed salmon outside the protected zone may be so high that even the protective measures taken by the industry and authorities (NA) are not sufficient to reduce the infection pressure to a sustainable level (Heuch et al. 2005, DKF and Kystdepartementet 2009) , or perhaps the protected zone is too small to provide the expected results.
Infection in sentinel-caged Atlantic salmon smolts
The study of sentinel caged Atlantic salmon Salmo salar smolts in different areas of the Romsdalsfjord system confirms the results from gill-netted sea trout. The infection risk, in both near-shore and pelagic cages, was significantly higher in the intensively farmed Karlsøy -fjord (outside the protected zone), gradually decreased in the intermediately farmed Langfjord and was lowest in the farm-free Eresfjord (the latter both inside the protected zone). No clear difference be tween the near-shore and pelagic areas of the fjord were found, although significant differences between pelagic and near-shore cages were occasionally ob served. The dispersal of infective louse stages in natural fjord systems is a complicated process, and little is yet known about the louse dispersal pattern. Infective stages are, however, expected to aggregate close to the surface (Heuch 1995 , avoid salinity < 20 ppt (Heuch 1995 , Bricknell et al. 2006 and aggregate in areas with turbulent water (Asplin et al. in press) . They can also be transported very rapidly (Asplin et al. in press), over long distances (Costello 2006, Asplin et al. in press) and with a large variability in direction (Asplin et al. in press). Thorstad et al. (2004 Thorstad et al. ( , 2007 have, in a telemetry study, compared the migratory routes of sea trout and Atlantic salmon post-smolts in the entire Romsdalsfjord system. Small sea trout tend to migrate in near-shore waters, close to the littoral zone, on both sides of the fjord. In contrast, Atlantic salmon post-smolts tend to migrate in more pelagic areas and more distant from shoreline. Since fish farms are usually located quite close to the littoral zone, it has been argued that the dispersal of infective stages of salmon lice may be more concentrated in these areas and expose sea trout to a higher infection risk. The results of the present study do not confirm this. On the contrary, infective louse stages seem to be distributed in both pelagic and littoral areas of the fjord, implying that both Atlantic salmon post-smolt and sea trout are at risk of infection.
However, a comparison of gill-netted sea trout with sentinel caged Atlantic salmon post-smolts showed, for the same time period and locality, that wild fish suffered significantly higher infections than caged fish. Wild sea trout sampled in Eresfjord at the end of both the first and second 14 d sentinel cage deployment (Weeks 21 and 24, respectively) had much higher infection levels than caged fish. Similar results were also found in Karlsøyfjord. In both cases, sentinel cages helped detect differences in infection pressure be tween areas, but they seemed to underestimate the infection level acquired in wild fish feeding in the same areas. In contrast to an actively swimming wild sea trout, sentinel caged Atlantic salmon are only at risk of infection by copepodids passing the cage. Feeding wild sea trout may also actively seek feeding habitats with abundant food, e.g. areas with turbulent current, where copepodids may also aggregate (Asplin et al. in press) . However, the use of sentinel cages, provided that infection levels are better calibrated against levels in wild fish, is a promising method of investigating the risk of louse infection in fjords and coastal areas.
Production and dispersal of louse infectious stages
The risk of salmon louse infection inside and outside a protective fjord zone depends on complex relationships between different biological and physical factors. However, general agreement now exists, although direct conservative evidence is still lacking, that the risk of salmon louse infection is severely increased in areas with intensive fish farming activity (Bjørn et al. 2001 , Butler & Watt 2003 , Gargan et al. 2003 , Krkošek et al. 2005 ). The infection pressure in an area is therefore broadly assumed to be the product of the number of farmed hosts in the fjord and the number of mature female salmon lice per host (Heuch & Mo 2001 . Calculations based upon estimates of the salmon louse abundance on farmed salmon in the Romsdalsfjord system showed that mean infections of sexually mature female lice per fish were not significantly different between the protected and unprotected zone. The total number of farmed hosts was, however, higher outside the protected zone both in 2003 and 2004. The production of salmon lice due to the increased fish farming activity must therefore have been between 2 to 4 times higher outside compared to inside the protected zone. This concurred with a significantly higher infection level on both wild sea trout and sentinel caged salmon outside the protected zone in both years. However, the increased risk of infection inside the protected zone, compared to in farm-free fjords, also implies that infective louse stages can disperse over long distances, given the right environmental conditions (Asplin et al. in press). Furthermore, the limited fish farm production allowed inside protected areas may still be sufficient to increase infection pressure in wild salmonids compared to in completely farm-free fjords, as most of the louse larvae do not travel very far (typically < 25 km) (Asplin et al. in press).
Area protection and risk of infection in wild salmonids
To draw conclusions about the relationships between fish farms, protective zones and infection levels in wild salmonids, knowledge about wild fish ecology, as well as environmentally driven production and dispersal of infective louse stages inside the fjord system, is a prerequisite . Wild sea trout in Norwegian fjords are generally found within a few kilo metres of their native river mouth, and seldom migrate > 80 km away (Berg & Berg 1987 , Thor stad et al. 2004 , Finstad et al. 2005 . The large distance between the sampling site inside and outside the protected zone of the Romsdalsfjord system suggests it is reasonable to believe that the infection level in wild sea trout represents the true infection level in these areas. Under many circumstances, a salmon farm or salmon farming area can be considered as a point source of infection (Krkošek et al. 2005) . Highest infection levels often occur in rivers and estuaries nearest fish farms (Bjørn et al. 2001 , Butler & Watt 2003 , Gargan et al. 2003 ), but infectious louse stages can also be dispersed over long distances , Stien et al. 2005 . The waterborne transmission of louse from farm sources to wild fish will strongly depend on both louse egg production and seawater circulation (Asplin et al. 2004 , in press, Penston et al. 2008 , as well as movement, survival and the duration of infective stages (Stien et al. 2005 ). The surprisingly high infection level in wild sea trout far inside the protected zone (Eresfjord) may, therefore, be explained by the horizontal dispersal of infective lice stages (Heuch et al. 2005, Asplin et al. in press) , by the production of lice in fish farms inside the zone, or by sea trout undertaking long-distance seawater migrations (Berg & Jonsson 1990) and spending parts of their seawater journey in higher risk areas (e.g. Karlsøyfjord). Thus, establishment of small protective zones with limited fish farm production inside a fjord area or fjord system cannot be the only consensus tool used to protect against the transmission of salmon louse from fish farms. Regionalized and synchronized delousing/fallowing of farmed fish inside the entire fjord system , compulsory reporting of louse counts (NOU 1999), lower legal maximums for the mean number of louse per farmed fish (Heuch & Mo 2001) , or even lower allowed numbers of farmed fish are probably necessary to reduce the infections on wild salmonids to sustainable levels. Thus, the establishment of protective zones will also raise the question as to which wild species or populations should be protected. Atlantic salmon smolts swiftly migrate out of the fjord to the open ocean (Thorstad et al. 2004 , Finstad et al. 2005 , Davidsen et al. 2008 , while the sea trout smolts seem to remain in littoral areas, often near their home river outlet (Berg & Berg 1987 , Thorstad et al. 2004 , Finstad et al. 2005 . A protective zone in inner fjord areas will probably increase the concentration of fish farms, and thereby also infection pressure, in outer fjord areas. Wild sea trout inside the protective zone will, to a certain degree, benefit from this. The situation is not necessarily the same for wild Atlantic salmon smolts, which have to pass intensively farmed areas to reach the open ocean, or for sea trout populations in outer fjord areas. The infection pressure in an area (Heuch & Mo 2001 ) and the time period that a smolt is exposed to infective salmon louse ) are the 2 main factors determining the risk of salmon louse infection in wild salmonid smolt. The time an Atlantic salmon smolt spends inside a protected zone with lower infection pressure must therefore be balanced by the time spent in a fjord area with higher infection pressure.
In conclusion, it can be questioned whether a protective zone like the one in the Romsdalsfjord system is large enough to give wild salmonids sufficient protection against salmon louse. Surprisingly, the relatively large temporary protected zone of Romsdalsfjord, Langfjord and Eresfjord was replaced in 2006 with the much smaller National Salmon Fjord of Isfjord (DKMD 2006) (see Fig. 1 ). Knowledge on the direct effects of area protection is, however, to a large extent, lacking; the present study is the first to address this issue in Norway. Establishments of the Norwegian Salmon Fjords have mostly been based on 'the precautionary principle'. The risk of initiating insufficient measurements for the protection of wild salmonids, as well as unnecessary regulations for the salmon farming industry, are therefore present. As is it difficult to extrapolate results from field studies from one area to another, it will be important to perform similar studies in other protected Norwegian fjord systems to evaluate the effect of area protection under different scenarios. These topics are of special interest in Norway, since the authorities have chosen area protection as one of the main measures to protect wild salmon (NOU 1999 , DKMD 2002 from the negative effects of fish farming activity, but are also being discussed in other countries. 
